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COMPARISON OF EFFECTIVENESS OF CONVECTION-, TRANSPIRATION-, AND
, FILM-COOLING METHODS WITH AIR AS COOLANT'!

By E. R. G. EckerT and Joun N. B. Livingoop

SUMMARY

Various parts of aircraft propulsion engines that are in
contact with hot gases often require cooling. Transpiration and
Jilm cooling, new methods that supposedly utilize cooling air
more effectively than conventional convection cooling, have
already been proposed. This report presents material necessary
for a comparison of the cooling requirements of these three
methods. Correlations that are regarded by the authors as the
most reliable today are employed in evaluating each of the cooling
processes.

Calculations for the special case in which the gas velocity is
constant along the cooled wall (flat plate) are presented. These
results should give a good indication of the relative effectiveness
of the cooling methods under other flow conditions as well. Air
1s sttpulated as the coolant and as the outside flow medium (a
good approximation for combustion gases). Both laminar and
turbulent flow, with and without radiation, are considered for
Reynolds numbers between 10° and 10° and coolant-flow ratios
from 0 to 0.012; for conwvection cooling, thermal-effectiveness
parameters of 0.6, 0.8, and 1.0 are included.

The caleulations reveal that a comparison of the three cooling
processes can be made on quite a general basts.  The superiority
of transpiration cooling is clearly shown for both laminar and
turbulent flow. This superiority is reduced when the effects of
radiation are included; for gas-turbine blades, however, there is
evidence indicating that radiation may be neglected.

INTRODUCTION

In aircraft propulsion engines such as turbojets, ram jets,
and rockets, it is necessary to cool various parts of the engines
exposed to hot-gas flows to temperatures the materials can
safely withstand. At the supersonic speeds reached today,
the skin of the aircraft is also heated to quite high tempera-
tures by the aerodynamic heating effect, and future develop-
ment of airplanes and missiles will probably require cooling
of at least some portions of the aircraft skin. The use of
both air and liquids for cooling these critical parts of aircraft
is currently under consideration; the present discussion,
however, is restricted to the use of air.

Air is advantageous as the cooling medium for the processes
previously mentioned, because it can be scooped up con-
tinuously during flight at all altitudes where air-burning
engines are used. At high flight velocities the temperature
of the air increases unavoidably by the scooping process, so

that it is often useless as a coolant unless its temperature is
decreased by some cooling cycle. The scooping as well as
the cooling process consumes power and weight and necessi-
tates reducing to a minimum the amount of cooling air
required. New cooling methods, transpiration and film
cooling, which are supposed to use less cooling air than
conventional convection cooling, have been proposed.

The present report compares transpiration- and film-
cooling methods with standard convection cooling. The
calculations are carried out for the specific case in which the
gas velocity is constant over the surface to be cooled (flat
plate). The results, however, should also give a good
indication of the relative effectiveness of the cooling methods
considered under different flow conditions. The comparison
is based on correlations that are regarded by the authors as
the most reliable today, and by which convection-, transpira-
tion-, and film-cooling processes can be calculated. The
calculations reveal that a comparison of the three cooling
methods can be made on quite a general basis. Numerical
evaluations of such comparisons are carried out for both
laminar and turbulent flow for Reynolds numbers between
10% and 10° and for coolant-flow ratios from 0 to 0.012.

This investigation was conducted at the NACA Lewis
laboratory in the spring of 1953.

SYMBOLS

The following symbols with a system of consistent units
are used:

A surface area

A’ surface area separating element under consideration
(see fig. 3)

@1,a2,a, distance from leading edge of wall to successive

heat sinks, film cooling
Cp specific heat at constant pressure
Sw coolant-flow parameter

g(&,x)  integrating kernel, film cooling (eq. (37))

h local heat-transfer coefficient

R average heat-transfer coefficient

k thermal conductivity

L length of wall

L ratio of augmented surface area on coolant side to
surface area on gas side of wall, convection cool-
ing

N, local Nusselt number, ha/k

Nu, average Nusselt number, h L/l

! Supersedes NACA TN 3010, ** Comparison of Effectiveness of Convection-, Transpiration-, and Film-Cooling Methods with Air as Coolant,” by E. R. @. Eckert and John N, B, Livingood.
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n number of slots, film cooling

Pr, Prandtl number, ¢ u/k

q heat flow

g(&) heat flux, film cooling

slot Reynolds number for film cooling, p,:V,.s8/te.s
Re, Reynolds number based on L, p,V,L/u

Re, . local Reynolds number based on z, p,V,2/u
r 2.11/Re
St, local Stanton number, Nu,/Re, .Pr,
St, average Stanton number, Nu,/Re Pr,
s slot width
T temperature
1% velocity
v fictitious velocity based on unit surface arca
w coolant flow
x distance from leading edge of wall
Y distance normal to wall
N fin effectiveness factor, %ﬂ“—:
. Toec—T,
N thermal effectiveness factor, —5*—="
T,—T,
6 . Ta.:c"_ Ta
T,—T,
A z/L
© absolute viscosity
£ dummy variable
p density
Pabe average mass velocity of cooling air
pe Ve average mass velocity of main flow
@ Cppava/rl,g,cv
Subscripts:
a coolant (air)
cd conduction
cv convection
e designates value at downstream end of wall
g combustion gas or gas side ?
r radiation
8 slot
¢ transpiration
w wall
X designates valuc at specific location

COMPARISON OF COOLING CONFIGURATIONS

The following process is investigated in this report: A wall
is subjected to a hot-gas stream of temperature T,. In
practically all applications, the length of the wall in flow
direction and the depth of the gas stream arc such that the
cooling effect penefrates only a small distance from the wall
into the gas flow (the temperature boundary layer); whereas,
in the bulk of the fluid, the temperature 7', does not change
in flow direction. The velocity V, in the gas flow outside
the boundary layer is also assumed constant along the wall.
Under normal conditions, the thickness of the boundary
layer is so small that the curvature of the wall does not in-
fluence heat transfer. Consequently, for the present inves-
tigation, a plane wall subjected on one side to a gas flow with
uniform temperature 7, and uniform velocity 17, is con-
sidered. The temperature drop through the wall is assumed

to be negligible compared with that on the gas side and on
the coolant side. Schematic sketches of the convection-,
transpiration-, and film-cooling arrangements for such a wall
are shown in figure 1.

In the convection-cooling arrangement, the cooling-air
flow is directed along the coolant side of the wall (fig. 1 (a)).
This cooling-air flow has to be limited for the reasons men-
tioned in the INTRODUCTION; and, hence, the cooling air
heats up considerably on its passage along the surface. Op-
timum conditions for convection cooling, obtained by in-
creasing the surface area on the coolant side of the wall by
fins, are assumed. The strength characteristics of the wall
material prescribe a certain wall temperature 7T, that can be
tolerated. The optimum conditions are attained when the
entire surface is kept at that temperature. Overcooling of
certain parts to lower temperatures would consume cooling
air unnecessarily. This constant wall temperature 7, can be
obtained either by varying the fin surface along the cooling-
air path in order to compensate for smaller temperature
differences between the wall and the cooling air in the down-
stream direction, or by increasing the cooling-air velocity
toward the downstream end of the surface, or by & combina-
tion of both.

Hot gas

Cootant

(a)

Hot gas

f{L{ lr{{ A R AR A A A fir{»_{ ,rir

Coolant
(b)

Hot gas

Coolant

D dl

(a) Convection cooling.
(b) Transpiration cooling.
(¢) Film cooling.
Fraure 1.—Different methods of cooling.

2 The subseripts w. g and a, g refer to local conditions based on wall temperature and cooling-air temy.erature, respeetively, at the surface next to the gas stream
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The arrangement for transpiration cooling is shown in
figure 1 (b). For this cooling method, the wall is fabricated
from a porous material, and the cooling air passes through
the wall into the gas flow. A protective film builds up on
the gas side of the wall and insulates it from the hot-gas
stream. The cooling air is directed away from the surface
as it leaves the wall. In this way, a counterflow condition
is created between the heat carried away from the surface
with the coolant stream and the heat transferred from the
hot gas toward the wall. This counterflow reduces the over-
all heat transfer between the gas and the wall surface.
Another advantage of this cooling method is based on the
fact that the area of contact between the air on its way
through the wall and the wall material is very large. As a
consequence, the cooling air will be heated almost to the wall
temperature. As a matter of fact, it is easy to understand
that, for the case in which heat transfer by radiation to the
gas-side surface of the wall can be neglected, the wall tem-
perature on the gas-side surface is equal to the temperature
with which the coolant leaves the wall. This fact may be
explained with the help of figure 2. In the upper part of
this figure a cross section of a porous wall is shown in which
the coolant passages are simplified as straight ducts. The
lower part of the figure indicates the wall temperature 7,
and the cooling-air temperature T, as it changes on its path
into the wall, through the wall, and into the hot gas stream.
The temperature curves are drawn with the wall temperature
on the gas-side surface assumed higher than the coolant exit
temperature. The question arises as to which heat-transfer
mechanism can cause the wall temperature to be higher than
the temperature in the layers just outside the surface when
the heat flow is directed as indicated by the arrow. Since
any convective or conductive heat transport always occurs
in a direction of decreasing temperature, the only mechanism
that can cause the condition shown in figure 2 is radiation.

FigurEe 2.—Temperature variation through porous wall.

Therefore, it is concluded that, in the absence of radiation,
the wall surface temperature must be equal to the tempera-
ture at which the coolant leaves the wall. A constant wall
temperature can be obtained over the entire surface by
proper adjustment of the local coolant flow through the
porous wall.

Film cooling is illustrated in figure 1 (¢). Cooling air
is ejected through slots in a direction parallel to the surface.
A cool film is built up, but the film is gradually destroyed
by turbulent mixing and heat conduction from the hot gas
flow. The cooling film can be renewed by use of additional
slots arranged at certain distances downstream. No uniform
wall temperature is possible for film cooling. The wall is
coolest near a slot and increases in temperature in the down-
stream direction to the next slot. The temperature of the
wall, which would eventually approach the gas temperature
at sufficient distance from the slot, can be decreased by
increasing the number of slots. Therefore, the influence
of the number of slots on the effectiveness of this cooling
method is included in this investigation. The comparison
of film cooling with the other cooling methods will be made
on the basis of the highest wall temperature that is found
just upstrcam of the slots. This basis somewhat under-
estimates film cooling, since the average wall temperature
for this method is lower than that for the previously de-
scribed transpiration- and convection-cooling methods when
the maximum temperatues are adjusted equal for all three
methods. Therefore, parts of the film-cooled wall will have
lower temperatures and better strengths, and, to a certain
degree, these parts can support the hot portions of the wall.
Consequently, under the same strength limitations, the
maximum temperature of the film-cooled wall could be
somewhat higher than the temperatures for comparable
transpiration- and convection-cooled walls.

CONVECTION COOLING
CALCULATION PROCEDURE

Heat balance.—With the aid of figure 3, a heat balance can
easily be set up for an element of the wall with an infinitely
small dimension in flow direction. On the gas side of the
wall, heat transferred by conduction through the fluid layers
immediately adjacent to the wall surface is designated
—k,(0T/0y), dA, where dd4 is the surface area of the
element on the gas side of the wall. Heat transferred to
the outside wall of the element by radiation is designated
¢- dA; and heat conducted into the wall element within
the solid wall is denoted by ¢., d4’, where dA’ is the surface
area separating the element under consideration from the
rest of the wall. The heat that leaves the element is given
by hooo dA(Tp~— Toz), where d 4, is the augmented surface
of the element on the coolant side of the wall, equal
to l,dA (fig. 3), and h,., is the convective heat-transfer
coefficient on the coolant side of the wall. The heat balance
may then be written

k,,,(%%;) dA-+ g dA+ e dA" =he e dA To—Ta) (1)



Tq

g ~-q, dA

oA )
/ Gog dA.
- | o
YA
7;7,x—4' dAg
g
Tw
7, e
To,x
Tz
x
L

FicUurE 3.—Sketch of element of wall used in setting up heat balance
for convection cooling.

The first term in this cquation is conventionally expressed
by a heat-transfer coefficient defined by the relation

oT )
ko (‘aT)w dA=hy 0 (T—Ty) dA

The heat radiation ¢, can be expressed similarly by a radiative
heat-transfer coefficient as

Q7:hr(Tg~ ]Yw)

The heat conduction within the wall is zero in the case
considered herein, since the wall temperature is assumed
constant. In integrating equation (1) over the total wall
area A, the first and sccond terms on the left side can be
expressed by average heat-transfer coeflicients, because the
temperature difference in these terms is constant. This
expression results in

T (Tye To) T A(Ty—To) = f horode(Tu—To) dA (2)

The heat that leaves the wall, represented by the right
member of equation (2), must be picked up by the coolant.
Hence,

fha,”la(T,,,— To:) dd=we, (T, —T,) )
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where 7, is the coolant inlet temperature and T,. is the
coolant temperature at the end of the heating surface. It is
convenient, for the following considerations, to refer the
coolant flow w to unit surface area A and express in this way
a fictitious mass velocity (coolant flow) w/A=pw,. When,
in addition, the thermal effectiveness

_Ta.e_Ta
Nnr= Tw_Ta

is introduced, equation (2) changes to

EE,MA(TE_ Tw) _}_ErA(Tg—' Tw) :cppava'qTA(Tw_ Ta) (4)

From this equation, the following expression describing the
wall temperature is obtained:

T,—T,_ 1
Tg_Ta 1_}_Cp£a7)a77T 1

h'g,cll 1 _}_;7}11'__
g,cv

)

Heat-transfer coefficients.—For chosen values of pu,
and 7, the temperature-difference ratio (7,— T,)/(T—T,)
is dependent only upon the convective and the radiative heat-
transfer coefficients on the gas side of the wall. The con-
vective coefficient, in turn, may be expressed in the following
way:
sV e NU g o

Eg,w =cpng3 Qg'w = RggPrg (6)

when m_w and Re, are based on the plate length L. The
value of Nu,,,, however, depends upon whether the boundary
layer is laminar or turbulent. These cases will be discussed
separately.

(1) Laminar flow: The Nusselt number for laminar flow
over a flat plate has been calculated by E. Pohlhausen.
The local Nusselt number resulting from this calculation is
given in reference 1 (eq. (140a), p. 92). The average Nusselt

number is twice as large (ref. 1, eq. (141), p. 93). Therefore,
the following cxpression is obtained:
Nug,.,—0.664 yRe, Pr,\/? (7)

This equation has been verified by experiments.

(2) Turbulent flow: For the turbulent-flow region, the
value of the Nusselt number is well established; it is given
in reference 1 (p. 118) as

mg.cv =0.037Re L SPr /3 @)

For large temperature differences between the gas and the
wall, the question arises concerning the temperature at which
the property values should be introduced into the parameters
Steco, Ntigeo, Re, and Pry to assure that equations (7)
and (8) properly describe heat transfer under such conditions.
The following rule applying to gases is supported by most
experiments and calculations: The reference temperature for
the property values should be chosen as the arithmetic
mean between the wall temperature and the gas temperature.
This temperature is often referred to as film temperature,
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Final relations for temperature ratio—(1) Laminar flow
without radiation: In this case, %,=0. Substitution of
equations (6) and (7) into equation (5) then yields the
following relation, valid for the laminar-flow region:

Tw'_Ta_

= 9
T,—T, 1 4 P 1/Re Pri3 ( ),
TV 0.664

(2) Laminar flow with radiation: For

equation is

this = case, the

= — (10)

P g.co

(3) Turbulent flow without radiation: When radiation can
be mneglected, substitution of equations (8) and (6) into
equation (5) gives the equation

To—T, 1
T,— T, 1 + pala ReJ2Pr 2l (1)
Vv, 0.037

(4) Turbulent flow with radiation: For this case, the
equation becomes

T,—T, 1
T,—T, 1+ pal)a Rel2Pr2? 1 (12)
770,037 1y b
ﬁg,cv

Determination of fin area necessary to maintain a constant
wall temperature.—In this section the local augmentation
to the coolant-side surface of the wall by fins is determined.
The variation in number or height of the fins along the sur-
face that is necessary to keep the wall temperature constant
can be found from this calculation. Only turbulent flow
without radiation is investigated, since this type of flow is
usually encountered in practical applications. For laminar
flow, a completely analogous procedure can be used. For
the caleulation, it is necessary to determine the coolant
temperature at any local point. In order to do so, a heat
balance for an infinitesimal surface area (with unit width
of the gas-side surface) at any local position along the wall
is written (see fig. 3). This heat balance is

hgooda(Te— Typ)=cw dT,.,
or
ATz __ h

Lo o Lo T (13)

" where dT,./dz is the coolant temperature gradient. It

must be remembered that k., varies with 2. Introduction
of dimensionless quantities
§= T, ar T a
T,—T,
and (14)
oz
L

into equation (13) and consideration of equation (6) result in

d8_ heeo  pVeSteen

da CpPala Pala (15)

For turbulent flow, the average value of the heat-transfer
coefficient over the length z is 5/4 the local coeflicient at
position 2. Therefore, the local Stanton number is obtained
from equation (8) by multiplying by 4/5 and dividing by
Reg . Pry:

Stg,c0=0.0296 Re,, .~ /5 Pr,~ %3

where Re,  is based on the local distance . When the Reyn-
olds number is based on the entire length L of the plate, this
relation becomes

Stg,caz 0.0296R6g_ 1l5P7'g_2I3>\—!/5 (16)

Inserting equation (16) into equation (15) and integrating
lead to
f=0,\/5 a7

where 6, is the value of 6 for A=1 (x=L).
A second form of the heat balance for the element of the
wall may be written as

hg.Cv(T Tw) ha cv a( a a.z)

in which T, , is the average surface temperature on the cool-
ant side. The temperature 7, , is different from the temp-
erature T, of the plane wall surface, since the temperature
decreases within the fins with increasing distance from the

plane wall. The temperature 7', is usually expressed by a
dimensionless term
- Tw.a— Ta.z
" 7Tw— Ta.x

called the fin effectiveness. Values of the fin effectiveness
for different fin shapes are found in reference 2 (pp. 235-237).
Introduction of the fin effectiveness transforms the heat-
balance equation to

tha,cvl =h T T

8,C0 T T (18)

The local convective heat-transfer coefficient may be re-
placed by an average value upon integration of equation
(16); that is,

hg.cv=% ’—’/g.cv)\— us

Equation (18) may then be altered to yield the following
relation:

tha.nvla_é >‘_ s
hg.co 5 g"’:g”a—oe)\ti/s
g w

Finally, by replacing 6, by g’”:,lj:" nr, there is obtained
g 1w

A"Us

"IFha.t;ala_4 Tg—Tw
T B LT, =\

(19)
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Freurel4.—Convection cooling.

The dimensionless term on the left side of the equation deter-
mines the fin area (as expressed by [,} as soon as the heat-
transfer coefficients on the gas and coolant surfaces and the
fin effectiveness are known.

RESULTS OF NUMERICAL CALCULATIONS

Calculations for the determination of the temperature-
difference ratio (T,— T,)/(T,— T.) as given by equations (9)
to (12) were made for the convection-cooling method for
values of the thermal effectiveness 4, of 0.6, 0.8, and 1, and
for a range of coolant-flow ratio py./p,V, from 0 to 0.012.
Reynolds numbers of 103, 10¢, and 10° were used in the
laminar-flow region, and 10% 107, and 10° in the turbulent-
flow region. A Prandtl number of 0.7 was used in all the
calculations.
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(b) Laminar flow with radiation. ’i?,/fT gco=1.

Prandtl number, 0.7.

Results for laminar flow without radiation, obtained by
use of equation (9), are shown in figure 4 (a); those for lami-
nar flow with radiation, obtained by use of equation (10),

and for the case in which %,/h, .,—1 are shown in figure 4 (b).
(The ratio of radiative to convective heat-transfer coeflicients
is of this order of magnitude in some components of jet en-
gines such as combustors operating at high temperatures.)
The cooling effectiveness is seen to increase with increasing
coolant-flow ratio, increasing Reynolds number, and increas-
ing thermal effectiveness. The limiting thermal-effectiveness
parameter is 1.0. Actually, this condition can be approached
but not reached with a finite wall area. A' comparison
of figures 4 (a) and (b) shows the effect of radiation.
For p.0./p,V,=0.010, Re,—10°, and ny=1, the value of
(T,—T.)/(Tg—T,) when radiation (with Z /i, .,=1) is in
cluded is 0.347 as against 0.210 when radiation is neglected.
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Ficure 4.—Concluded. Convection cooling. Prandtl number, 0.7.

The results of the calculations for turbulent flow without
radiation, obtained by use of equation (11), are shown in
figure 4 (c); and those including radiation, obtained by use
of equation (12) and A,/%,.,=1, in figure 4 (d). These curves
show the same general trend as those for laminar flow.
For p./p,V,=0.010, Re,=10° and n,=1, the value of
(To—T)/(T,—T,) is 0.129 with radiation and 0.069 without
radiation. Figure 4 (particulary 4 (¢)) shows that the slope
of the curves decreases as the coolant-flow ratio increases,
and only slight increases in cooling effectiveness can be
achieved by an increase in coolant flow after a certain limit
is exceeded. A comparison of the corrresponding curves for
Re,=10° in figures 4 (a) and (c) or 4 (b) and (d) indicates
that at the same Reynolds number the cooling effectiveness
of laminar flow is better than that of turbulent flow.

397253—56

2

With values of (T,—T,)/(T,—T,) now available, it is a
simple matter to calculate the parameter Nrha,colalfrg oo from
equation (19). The results for turbulent flow without radi-
ation are presented in figure 5. Equation (19) shows that,
for all cases, the ordinate npha,c,,la/ﬁ;.cu is infinite at the lead-
ing edge of the plate; the same is true at the downstream
end of the plate for the optimum case np=1. All other
values are finite; a minimum point occurs on each curve,
for every value of pw,/p,V, considered, at about 0.2 of the
plate length from the plate leading edge.

The required parameter nphq colo/fgc, can be obtained for
fixed conditions on the gas side either by adjusting the
ho,o (influenced by the local coolant velocity) or by
properly choosing the fin area (influencing 77l,). That the
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FicUre 5.—Parameter indicating distribution of fin area necessary to maintain constant wall temperature for convection cooling.
Prandtl number, 0.7; Reynolds number, Re,, 107

flow without radiation.

curves in figure 5 tend towards infinity for A=0 is of little
practical importance. This tendency is caused by the fact
that theoretically the heat-transfer coefficient on the gas
side is infinite at the leading edge of the surface. The
trend of all curves with 7r=1 towards infinity expresses the
well-known fact that actually a thermal effectiveness n,=1
can. be obtained only with an infinitely large cooling surface;
nr=1 can, therefore, only be considered as a limiting case
approached in convection cooling under optimum conditions.
The most advantageous feature of figure 5 is that it
allows a rapid determination of the fin area necessary to
obtain a certain thermal effectiveness. Consider, for in-
stance, a coolant-flow ratio pe./p,V, of 0.005. TFigure 5
indicates that a value of npha,c,,la/ﬁg,w between 3 and 8.5,
depending -upon the location along the cooling swrface, is
necessary to obtain a thermal effectiveness g4 of 0.8, and a
value of 7phe.cola/fig.co between 2.1 and 3.2 to obtain a thermal
effectiveness 77 of 0.6. The average values of nehg.cila/fig.co
over the length L of the wall can be determined from figure
5 as 4.5 for 5,=0.8 and as 2.4 for ,=0.6. The heat-
transfer coefficient on the coolant side h,,., seldom can be
made larger than the one on the gas side h,.,. When the
ratio ha,w/ﬁg,w is accepted as 1 and the fin effectiveness #x
as 1 (a limiting value that can never actually be obtained),
it is concluded that the ratio of the fin surface area to the
area of the plane wall must be made larger than 2.4 to
obtain a thermal effectiveness #,=0.6, and larger than 4.5
to reach the value #,=0.8. The latter value will mean a
serious increase in weight for this cooling arrangement.

TRANSPIRATION COOLING
CALCULATION PRECEDURE

Heat balance.—A heat balance for a section with the
surface area dA of a transpiration-cooled wall can be set

Distance raiiio, A

Turbulent

up with the aid of figure 6. The element considered has a
plane surface (1) coinciding with the outside wall surface,
and a plane surface (2) apart from the inside surface of the
wall by such a distance that it is situated outside the bound-
ary layer present on this side. (The inside surface must be
considered as a surface to which suction is applied and on
which a boundary layer builds up.) Heat is carried by
convection with the cooling air through surfaces (1) and (2).
The amount per unit time is indicated in figure 6. It is
assumed that the coolant has attained the wall surface
temperature T, when it leaves the wall; the validity of this
assumption has been discussed previously. Heat will also
be transferred by conduction through the fluid layers imme-
diately adjacent to the outside wall surface in the amount

Boundary oner-—f” l

CpPaVa T, dA
7a

F1GURE 6.—Sketch of element of wall used in setting up heat balance
for transpiration cooling.
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—k,(@T/0Y)» dA. Furthermore, heat may be transferred
to the outside wall by radiation ¢, dA. In addition, heat
may also flow into the element by conduction in the porous
material or by transverse flow of the cooling air within the
boundary layer on the suction side; the sum of these flows is
designated g.c dA’. The heat balance may then be written

ke (—g—g) dA4-¢. A4+ dA =c o, (T—TH)dA = (20)

For a constant wall temperature and negligible heat flow
along the boundary layer, g.,=0.

If the heat transferred to the outer surface by both con-
duction through the fluid layers and radiation is written in
terms of gas-to-surface heat-transfer coefficients, equation
(20) reduces after some transformation to

T—T, 1
T—T,

1)
1_{_czpav,, 1

2
]-?:g.cv+ﬁg,cu

Heat-transfer coefficients.—As in CONVECTION COOLING,
the values of the heat-transfer coefficients to be used in
equation (21) depend upon whether the boundary layer on
the gas side of the wall is laminar or turbulent. The average
heat-transfer coefficient on the gas side of the wall, for
transpiration cooling, may be written in a manner similar
to ecquation (6), that is,

TLg, = cpPg‘7g§g. t (22)

Division of this equation by equation (6) leads to the fol-
lowing relation between the average heat-transfer co-
efficient for a transpiration-cooled surface and for a solid
surface for identical values of ¢,, p,, and 17

—fii=_s_t’i”— (23)
hg,cu Stg,cv

(1) Laminar flow: Values of TLE‘,/TL,,,,M may be obtained
from reference 3 for a Prandtl number of 0.7 and from refer-
ence 4 for a Prandtl number of 1. The local heat-transfer
coefficients on the gas side are, for transpiration cooling as
for convection cooling, proportional to the reciprocal of the
square root of the distance from the leading edge. There-

fore, the ratio of the average values gg,t/S‘?g,c,, is equal to the
ratio of the local values St,,/St, ., and also equal to Nuyg,/
Nug,, when both values are introduced at the same Reyn-
olds and Prandtl numbers. The values Nu, are included
in the previously mentioned references.

From the results presented in reference 3, the ratio Nu,,,/
Nug,., can be obtained as a function of the ratio of gas
temperature to wall temperature and of a coolant-flow
parameter f, (see ref. 5), which for flow over a flat plate
assumes the form

PaVa
_ — 2 —_—
S eV s vR €y

The values for the temperature ratio of 1 are used in this
report.

(2) Turbulent flow: Compared with knowledge of con-
vective heat transfer on a solid surface, little is known at
present about heat transfer on a transpiration-cooled surface
under turbulent-flow conditions. The experiments made
under well-defined conditions are limited and were performed
for configurations different from the one considered herein.
As a result, data found in the literature differ considerably,
from statements that no reduction in the heat-transfer
coefficient is obtained by transpiration cooling in turbulent
flow to statements that considerable changes in the heat-
transfer coefficient result for transpiration cooling.

Theories offered for the calculation of heat-transfer
coefficients for transpiration cooling are of a semiempirical
nature and employ very serious simplifications. Two
theories are discussed briefly herein, one presented by
Rannie (ref. 6) and independently by Friedman (ref. 7) and
the other proposed recently by H. S. Mickley and his asso-
ciates of the Massachusetts Institute of Technology. Rannie
simplifies the actual conditions by assuming that the flow
consists of a turbulent region and a laminar sublayer that
separates the turbulent flow from the wall surface. He
also assumes that the temperatures and velocities in the
turbulent region have the same values on a transpiration-
cooled wall as in an ordinary boundary layer on a solid
surface under otherwise identical conditions. Friedman
restricts the Prandtl number to values near 1 and obtains
in this way simpler relations. Mickley proposes to obtain
the ratio of the heat-transfer coefficient in transpiration
cooling to that in convection cooling from a “film theory”
concept that radically simplifies real conditions. This
conceptreplaces the heat-transfer process within the boundary
layer with the transfer through a laminar film with no heat
convection in a direction parallel to the wall. The thickness
of this film is again assumed equal on transpiration-cooled
and on convection-cooled surfaces for otherwise identical
conditions in the gas flow.

According to reference 7, the ratio of average heat-transfer
coefficionts for a transpiration-cooled wall to those for a
solid wall may be expressed by the relation

foa 1o 24)
hgeo €F—1

where », the ratio of the velocity parallel to the surface at
the border between the laminar sublayer and the turbulent
part of the boundary layer to the stream velocity outside
the boundary layer, may be expressed as (ref. 1)

2.11
T_E’—c;m (2 5)
and
—-CpPdva (26
® - )

where hg., is the coefficient that would apply to a solid
surface under identical outside flow conditions.
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(a) Laminar flow without radiation.

Ficure 7.—Transpiration cooling.

“Film theory’ yields the relation

=

=t 27
heoo €°—1 @7)

(which can be obtained from eq. (24) by letting r=1).
Heat-transfer coefficients obtained by use of equation (24)
appear to be approximately in the center of the range of
experimental data reported. They also agree with a limited
amount of data obtained by the NACA (ref. 8). Equation
(24) will therefore be used herein. Mickley’s own experi-
ments agree better with equation (27). When the preceding
relations are to be applied to conditions where the tempera-
ture difference between gas and wall is large, the problem
arises again as in convection cooling at what temperature
the properties should be introduced into the equations.
Information on transpiration cooling available today is
insufficient to answer this question.

Final relations for temperature ratio.—The final relations

1.0
\\
™~ Reynolds
\ number,
™~ 103
104 ™~
.8
|05 \ \
7 \\
KD [
x| o
~ .6
g
k=l
3
s 5
2
£
@
3
S 4
g
13
(3]
'_
]
.2
N
(b) i
0] 002 004 006 ‘ .008 010 .0l2

Coolant - flow ratio, p,¥,/p,Y,

(b) Laminar flow with radiation. Z,./i;g,”= 1.
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for the temperature ratio arc obtained by substituting
equations (6) and (7) in equation (21) for laminar flow and
equations (6) and (8) as well as (24), (25), and (26) in equa-
tion (21) for turbulent flow. The results follow.

(1) Laminar flow without radiation: In this case h,=0,
and the final equation becomes

Tw'— Ta_ 1
Tg_ Ta 1_{_&7@_ 7_L_-g,vﬁ M
. ngg h’g,t 0.664

(28)

(2) Laminar flow with radiation: With radiation included,
the final equation is

Tw—T,__ 1
To—To | pwe v/ Rey Pr’ 1
Ve 0664 (%, T (29)
‘i_l'gycv +7L-g:;
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(8) Turbulent flow without radiation: For this case there
is obtained
T,—T. 1
T—T,  , , Reb!
1+ 2.11

(erv —_— 1) (3 O)

where

_ 211 0.1p,, 2/3 Pala
re=g.0a7 Do Fret L 5

(4) Turbulent flow with radiation: The final equation
becomes, for this case,

T.,—T, 1

T—T, ., pws ReS?Prim 1
1 _
TV, 0.037 ( h e ) 63

T ___
hl.ﬂ‘ ¢ 1

Replacement of 7 by 1 in equations (30) and (31) and
replacement of Re,’!/2.11 by 1 in equation (30) give the
results for the “film theory.”

RESULTS OF NUMERICAL CALCULATIONS

Calculations for (7,,— T.)/(T,—T,) were made for the
transpiration-cooling method for a Prandtl number of 0.7,
coolant-flow ratios from 0 to 0.012, and Reynolds numbers of
103, 104 and 10° for laminar flow and 10% 107, and 10° for
turbulent flow.

Figure 7 (a) shows the results for laminar flow without
radiation as obtained by use of equation (28); and figure 7 (b),
those for laminar flow with radiation as obtained by use of
equation (29). Again a ratio A, /R =1 was assumed for
these calculations. Values of k. /h,. were obtained from
reference 3. A peculiar feature is the shape of the curves in
figures 7 (a) and (b); the direction of bending of these curves
is opposite to that for all other curves presented. For larger
values of pe0,/pV,, the curvature of the lines must go in the
opposite direction, since the cooling effectiveness (7,— T,)/
(Tg—T,) must approach the value zero asymptotically with
increasing coolant-flow ratio p,v./p,1 ..} Figures 7 (a) and (b)
show that the required coolant-flow ratio decreases consider-
ably with increasing Reynolds number. Approximately the
same cooling effectiveness is obtainable at a Reynolds
number of 10° with only about one-third of the coolant flow
required at a Reynolds number of 10%. A comparison of
figures 7 (a) and (b) illustrates the large influence of radiation
. on the cooling effectiveness. Inspection of equations (6),
(7), and (21), together with the relation for f,, reveals that
for laminar transpiration cooling the temperature-difference
ratio (T,— T,)/(Ty— T';) depends on the coolant-flow ratio
pabalpgV ¢ and Reynolds number Re, only in the combination
(pa¥a/pg V)V Re,. This fact leads to the more general presen-
tation of figure 7 (c¢).

Figures 7 (d) and (e) show the results for turbulent flow
without and with radiation, respectively. The solid curves
in figure 7 (d) were obtained by use of equation (30). For
larger Reynolds numbers, increases in coolant flow beyond a

3 See footnote, page 609.

certain point (say 0.005) have only small effects on cooling.
Curves were also calculated by use of ““film theory” in order
to compare the wall temperatures determined in this way
with those calculated previously. It can be observed that
the “film theory” (dashed) curves lie below -the Rannie-
Friedman theory (solid) curves. In the following compari-
sons of the different cooling methods, the values obtained by
the Rannie-Friedman theory will be used, since they result
in a more conservative evaluation of the transpiration-cooling
method. Results obtained by use of equation (31) are shown
in figure 7 (e). The influence of radiation for the turbulent-
flow case is also apparent from a review of figures 7' (d)
and (e).

A comparison of the curves for Be,=10° in figures 7 (a) and
(d) or 7 (b) and (e) indicates that laminar transpiration
cooling is considerably more effective than turbulent tran-

spiration cooling at the same Reynolds number. An analo-
gous situation was found for convection cooling.
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Ficure 7.—Concluded. Transpiration cooling.

FILM COOLING

The film-cooling method will be considered only under
turbulent-flow conditions, since it is expected that laminar
flow can be maintained only for very low Reynolds numbers.

CALCULATION PROCEDURE

Temperature ratio for single jet.—The cooling-air film is
diffused by turbulent mixing with the hot gas and is thus
gradually destroyed on its downstream path after leaving
the slot. Consequently, as the downstream distance from
the slot increases, the wall temperature rises and approaches
the gas temperature asymptotically. The most extensive
experimental investigation on the temperature conditions in
a film-cooled boundary layer is reported in reference 9.

In connection with de-icing studies, Wieghardt (ref. 9)
investigated a hot-air jet blown into a cold-air stream through
a slot in a flat plate. The temperature conditions within
the boundary layer were opposite to the conditions found in
film cooling. However, the results obtained in reference 9
can be used for the film-cooling process as long as the tem-
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perature differences are small enough to permit the property
values to be considered constant. The investigation indi-
cates that the temperature ratio (7,— T%.)/(Ty— T,.s), with
T, indicating the temperature with which the cooling air
leaves theslot, depends on the parameter spg,sVa,s/ZpgV g, where
¢ is the slot width and z is the distance downstream from the
slot. This relation is valid for values of pg,V /0, V<1,
It gives a wall temperature that decreases with increasing
coolant-flow ratio at a given distance z. Use of the results
of reference 9 for film cooling shows that, for values of
PasVas/peVe>1, the wall temperature increases again with
increasing coolant-flow ratio. Therefore, a value of 1 for
PasVasloeVy gives the maximum cooling effectiveness in
the range in which the results of Wieghardt may be applied
to film cooling. The Reynolds number for the outside flow
varied between 10° and 107. For a length ratio x/s>>100,
the experimentally determined temperature ratio could be
well represented by the equation

To—Tass_ . 8pa,sVas\"®
——Tg— T, =1 21.8<—$ngg (32)



PR

eSS

COMPARISON OF CONVECTION-, TRANSPIRATION-, AND FILM-COOLING METHODS 13

A comparisen of the film-cooling method with the two
other methods previously discussed is facilitated when again
a mass velocity p., is introduced which the coolant would
have if it passed the surface area of the cooled plate. The
coolant ejected from the slot per unit time is 8pg:V,.;.
The mass velocity p,v, of a surface with length z is, therefore,
Pala=5Pus,sVes/®. Introducing this mass velocity into

equation’ (32) and remembering that the temperature T,

with which the coolant leaves the slots is equal to the coolant
inlet temperature in the previous methods result in

T,—T, P A
Tg—Ta'“l 218(ng (33)

for pawa/pV<1/100 and p,,V,.s/p,V<1. In this form the
equation contains the same parameters as used in the preced-
ing discussions of the other cooling methods. Wieghardt’s
experiments were made with small temperature differences
between gas and cooling air. Therefore, no information is
available on the influence of a large temperature variation
throughout the cooling film on the cooling effectiveness.

In order Lo compare the film-cooling method with the
other cooling methods, it is of considerable interest to deter-
mine the improvement in film-cooling effectiveness by the
use of a number of slots along the walls instead of a single
slot. Experimental information available is insufficient to
answer this question. Therefore, a calculation procedure
proposed in reference 10 will be used. This procedure is
applied to the condition investigated by Wieghardt and
compared with his test results in reference 11 (pp. 229-231).
The procedure will be reviewed briefly herein; a detailed
explanation may be found in reference 11.

Calculated temperature relation for one jet.—Changes in
the shape of velocity profiles within boundary layers have
only a sccondary effect on heat transfer. Therefore, it may
be expected that a calculation which neglects the distortion
of the flow boundary layer caused by the coolant cjected
through the slot will give results that agree with the real
conditions to a first approximation. The air ejected through
the slot decreases the temperatures within the boundary
layer in the downstream direction. The same situation is
obtained by a heat sink of the strength ¢, $p4,sVe.s(Tas— 1)
that replaces the slot. Such a calculation is made in ref-
erence 11 for a single sink placed at the leading edge of a
flat plate. The result obtained is

Cpas

2 203 0.2  Mas 0
Tw__ngfzsPrg Req,s ( ) ¢y (xpg > (34)
Tos— T, 195( ) <39>'(00288) 5pas Vs

The following comparison of equation (34) with Wieghardt’s
experiments is made in reference 11. For the range of
temperatures used by Wieghardt, Pr,=Pr,,=0.72,
(#/pas)?*=1, and ¢, ../c,=1. Moreover, since Wieghardt
did not include the air temperature in his data, a value of
68° F is assumed. Slot Reynolds numbers considered by
Wieghardt are then found by calculation to be between
3760 and 12,630. Equation (34) then reads

24 .

= TR VO

 Te—To 30 TheV e
which compares favorably with equation (32). Part of the
discrepancy between equations (32) and (35) may be ascribed
to the fact that in Wieghardt’s experiments a flow boundary
layer of finite thickness already exists at the location of the
slot, whereas in the calculations in reference 11 the flow
boundary layer is assumed to start at the location of the heat
sink. The rest of the discrepancy is probably due to in-
creased turbulence created by the cooling-air jet. .

Calculated temperature relation for succession of slots.—

The agreement between equations (32) and (35) makes
possible the use of the calculation procedure that resulted in
equation (35) to predict the cooling effectiveness of film
cooling with a succession of slots. For a plate with a
continuous distribution of heat sinks of strength ¢(¢) per
unit length, the wall temperature 7, is obtainable from the
following equation (vef. 11):

MR CE X (36)

where g(£,2) is an integrating kernel contained in table 11 of
reference 11 for different flow configurations. In the de-
velopments that follow, the kernel given in line 7 of this
table for turbulent flow over a flat plate will be used; it is
rewritten here as

28
195P S Reg 0

i £\39/407]~-32/30
>(39>'(00288k)[ (> ] 37)

The arrangement that idealizes the film-cooled surface
has only discrete sinks which are assumed to be of equal
strength. The spacing of the sinks is determined in such a
way that the wall temperature has the same value ahead of
each sink, as illustrated in figure 8. The first sink is located
at the leading edge of the plate, the second at a distance a,
from the leading edge, the third at a distance a,, and so forth.

g(¢,2)=

|

One sink

) —

7%

a,
(4

Several sinks

Ficure 8.—Schematic sketch showing heat sinks as replacements for
cooling air emerging from slots.

Equation (34) gives a relation that describes the wall
temperature 7', ; ahead of the second sink when z=a,:

wl . gV g —0.8
T T _—1 K(PasVass (38)
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The constant K comprises the group of parameters for which
Wieghardt’s experiments give the numerical value 21.8.
This value is used herein and restricts the analysis to air as
coolant and the Reynolds number range to that covered
experimentally (Re,=10° to 107). From equations (36) and
(37), the wall temperature 7,. ahead of the third sink is

T nggaQ —0.8{ [ <a1 39/40]—32/39}
1 1—(—
T — Pa,s Ve 58 T @
In the same way, the temperatures ahead of the successive

sinks are

Ty Pnga'3
T ——1 —K <Pa,sVa,ss

_ g‘_l_ 39/40]—32/39 [ ——<22_ 39/40]_32/39)
{1‘1‘[1 <a2 +| 1 r 5 {40)
Tyn—Ta__ o\ 0 <£‘1>39/4°:|'32/39

=1- K(Pusvass {1+|:1— s +

4 Ta
. +|:1——<&L:_1_>39/40:|—32/39} (1)
an

The condition is employed that gives the best basis for a
comparison with the other cooling methods, that is, that the
wall temperature ahead of each sink be the same (1,.=
Tpo=Typs=...=Ty,). When this condition is imposed on
equations (38) to (41), a system of equations results that
determines the positions at which the sinks must be located.
These equations are:

(% _M=1+[1_<% 39/40]_32/39 @2
)= ()T
-G T}
() =G - T
[T

Under the condition Tp1=Tye=. .. Ty, the temperature
ratio describing the wall temperature for any number of
sinks may be expressed as

7K GhEs) @)

A fictitious velocity is again introduced in order to facili-
tate the comparison of film cooling with the other cooling
methods; this velocity v, is that which the total cooling air
would have in passing through the wall surface area. The
coolant flow per slot is pg,sV,:s. For n slots it is npgsV,,s8.
The same amount expressed by the fictitious air velocity o,
18 @,pave. Therefore,

0,
po.s Vo som e (46)

Introducing this relation into equation (45) gives (K=21.8)

g T_1 218(’—’@) (””") )

From equation (47) the temperature ratio can be calcu-
lated for any number of slots after the ratio ai/a, has been
determined from equations (42) to (44). Equation (47) is
of course subject to the same restrictions as equation (32),
namely @,/s>>100 and p, sV s/peV < 1.

RESULTS OF NUMERICAL CALCULATIONS

Values of (T,— T,)/(T,— T,) were determined for one to
six slots by use of equation (47), and the results are pre-
sented in figure 9. For a fixed wall temperature T, a
decrease in required coolant flow accompanies an increase in
the number of slots. For a fixed value of p./p,V,, figure 9
shows a decrease in maximum wall temperature T, with an
increase in the number of slots, the decrease becoming
smaller with a larger number of slots. The curves in figure
9 were all ended at a value of (T,— T,)/(T,— T,) of about
0.5, because the line for a single slot is in agreement with
experimental data only to this value.
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Ficure 9.—Film cooling.

COMPARISON OF COOLING METHODS

In order to show the relative effectiveness of the various
cooling methods for identical conditions, several additional
figures are presented. Figure 10 (a) compares transpiration
cooling with convection cooling (for thermal effectiveness
parameters 7, of 0.6, 0.8, and 1) for laminar flow without
radiation and for a Prandtl number of 0.7 and a Reynolds
number of 10%. For a value of (T,,— T,)/(Te— T,) equal to
about 0.4, which corresponds to relatively good cooling,
about three times as much coolant flow is required, even
for the optimum convection cooling (n,=1), as for transpira-
tion cooling. For smaller coolant flows, the difference in
the cooling-air requirement becomes smaller and smaller.
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Frcure 10.—Comparison of cooling methods.

This smaller difference should be expected, since the gas-
side heat-transfer coefficient in transpiration cooling decreases
as compared with that of convection cooling, because part
of the heat that flows in the gas boundary layer by conduc-
tion and turbulent exchange towards the cooled surface is
picked up and again carried away from the surface by the
cooling air leaving the surface. This effect will be larger as
the coolant velocity ¢, becomes larger. This situation indi-
cates that transpiration cooling is more advantageous in
applications in which considerable cooling is required. For
convection cooling other than optimum, considerably greater
amounts of coolant flow are required to obtain the value
0.4 for (T,—T)/(T,—T,). A typical value of 9, for good
air-cooled turbines is about 0.7. Figure 10 (a) also shows
that, for a coolant-flow ratio of 0.004, transpiration cooling
yields a value of (7,—T,)/(T,—T,) of approximately 0.4;
whereas, the optimum convection cooling yields a value of
about 0.68.

Figure 10 (b) shows similar results for the same conditions
as those employed in the calculations of figure 10 (a), but

for laminar flow with radiation (&,/R..,=1). For a value
of (T,—T)/(Te—T,) of 0.6, the optimum convection cool-
ing requires about twice the coolant flow required for tran-
spiration cooling. In this case, however, for a given flow rate,
the superiority of transpiration cooling is considerably less
than it was in the case where radiation was not present.
On gas-turbine blades the heat transfer by radiation can
practically always be neglected (refs. 8 and 12). In other
parts of a gas turbine, such as combustion-chamber walls,
the contribution of radiation to the total heat transfer is
considerable.

For other Reynolds numbers, the relative position of the
curves in the (T,—13)/(T,— T,) against p.,/p,V, diagrams
in figures 4 (a) and (b) and 7 (a) and (b) is approximately
the same as for Re,=10*. As the Reynolds number increases,
the difference between transpiration and optimum convee-
tion cooling becomes smaller..

Coclant-flow ratio, pgv,/PeY,

(b) Laminar flow with radiation. Reynolds number, Re,, 104
Tee/log.co=1.
Prandtl number, 0.7.

For a Prandtl number of 0.7 and a Reynolds number of
10°, a comparison of convection and transpiration cooling is
shown in figure 10 (c) for turbulent flow without radiation.
The different curves for convection cooling hold for different
values of the thermal effectiveness obtained in this method.
Transpiration cooling is again shown to be the better of the
two cooling methods compared.

The superiority of transpiration cooling is based on two
factors. First, a decrease in the heat-transfer coefficients is
the cause for the improvement of the transpiration-cooling
curve over the limiting convection-cooling curve (yr=1).
Secondly, convection cooling results in a temperature
effectiveness less than 1, and the difference between the
convection-cooling curve for the actual n, value (for
instance, 9,=0.6) and the limiting curve ny=1 indicates the
improvement obtained in transpiration cooling by the fact
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Ficure 10.—Concluded. Comparison
that the temperature at which the cooling air leaves the
wall is practically always equal to the wall temperature.

The difference in coolant-flow ratio required for transpira-
tion cooling becomes larger for larger coolant flows. The
same trend has been observed for laminar flow. The mag-
nitude of the difference, however, is smaller for turbulent
flow. To obtain a temperature ratio (1,— To)/(Te— T,)
equal to about 0.4, a coolant-flow ratio between 0.004 and
0.005 is required in transpiration cooling, and a coolant-
flow ratio of 0.007 for the optimum (nr,=1) convection
cooling. The latter value increases considerably when the
thermal efficiency 7, is less than 1, a value of about 0.012
being obtained for 5,=0.6 (fig. 10 (¢)).

In figure 10 (d), convection, transpiration, and film cooling
are compared for a Reynolds number of 107 for turbulent
flow without radiation. The relative position of the
convection- and transpiration-cooling curves is approximately
the same as in figure 10 (¢). The differences between tran-
spiration cooling and optimum convection cooling have
slightly decreased. For film cooling, the curves calculated
for various numbers of slots are plotted.

Film cooling with a single slot at the leading edge of the
plate is not as effective as the poorest convection cooling
considered (fig. 10 (d)). However, it must be remembered
that for this method the wall temperature 7, contained in
the parameter (T,— T,)/(Ty— T,) is the highest temperature
oceurring within the wall. At smaller downstream distances,
this temperature decreases toward the value 7, obtained
immediately behind the slot (when heat conduction within
the wall is neglected). Film cooling appears, from this con-
sideration, to be a good method for thoroughly cooling a
specific location. It must be expected that film cooling
eventually transforms into transpiration cooling when the
number of slots (or sinks in the calculation procedure)
becomes very large. The calculation procedure offered
herein holds only for sinks at finite distances and therefore
will not show the above feature. An advantage of film

of cooling methods.
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cooling for practical applications is that it can be very easily
incorporated in most designs.

In figure 10 (e) convection and transpiration cooling are
compared for turbulent flow with radiation (h,/h, .,=1) for
a Prandtl number of 0.7 and a Reynolds number of 107. As
in the laminar case, the temperature ratio for a specific set of
conditions is greater when radiation is present, and the
differences between the various cooling arrangements are
smaller than in the case without radiation.

In a specific application, the choice of the cooling method
used will be influenced by design considerations as well as
by the coolant requirements. One advantage of convection
cooling that is important in some applications is that the
coolant may have any pressure level; whereas, for transpira-
tion and film cooling, the supply pressure has to be higher
than that in the hot-gas stream. The present report presents
the material necessary for & comparison only with respect to
cooling requirements. Although the calculations were made
for a specific condition in the hot-gas stream (constant
velocity and constant temperature), the results should be
applicable, at least qualitatively, for other conditions as well.

SUMMARY OF RESULTS

A comparison of two new cooling methods (transpiration
and film cooling) with standard convection cooling is pre-
sented. The comparison is based on correlations that permit
simple evaluation of each of these three cooling processes.
Although presented for a flat plate with constant gas velocity
and temperature, the calculations give qualitative indica-
tions of the relative effectiveness of the various cooling meth-
ods under different flow conditions as well and reveal that the
three cooling methods can be compared on quite a general
basis. Numerical evaluations of the cooling processes are
made for a flat plate, for both laminar and turbulent fow,
with and without radiation, for Reynolds numbers between
10% and 10°, and for coolant-flow ratios from 0 to 0.012. Air
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"s considered as the coolant as well as the outside flow medium
(a good approximation to combustion gases), and a Prandtl

- number of 0.7 is therefore used. Thermal effectiveness param-

eters of 0.6, 0.8, and 1.0 are considered for convection cool-
ing. For laminar flow without radiation, a comparison of the
results for a Reynolds number of 10* indicated that about
three times as much coolant flow was required for optimum
convection cooling as for transpiration cooling in order to
maintain a temperature-difference ratio of 0.4, Considerably
larger coolant flows are required to maintain this temperature-
difference ratio for convection cooling other than opti-
mum. Moreover, the difference in cooling-air requirement
increases for increasing coolant flow, and hence the advan-
tages of transpiration cooling are larger in applications where
strong cooling is required. Including the effects of radiation
reduces the superiority of transpiration cooling considerably;
however, heat transfer to gas-turbine blades by radiation
can usually be neglected.

Similar results were obtained for turbulent flow. For a
Reynolds number of 10°% without radiation, and at the same
temperature-difference ratio of 0.4, about 1) times the
coolant flow is required for optimum convection cooling as
for transpiration cooling, and correspondingly larger flows are
required for convection cooling other than optimum.

Analogous results were also obtained for turbulent flow
with a Reynolds number of 107, with slight decreases in the
differences between transpiration and optimum convection
cooling. Including the effects of radiation again reduces the
superiority of transpiration cooling. Film cooling can be
employed to cool a specific location effectively and can be
made to approach the other cooling methods in effectiveness
by increasing the number of slots.

Lewis FrLicar ProrurLsioN LLABORATORY
NatroNaL Apvisory CoMmMmIiTreE For AERONAUTICS
CLEVELAND, OHio, July 9, 1958
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3 Emmons and Leigh show in a paper published after this report was written that the velocity gradient at the surface of a flat plate asobtained by solution of the boundary-layer equations
with constant properties decreases to zero for a finite value of the coolant-flow parameter pave/p; Ve JR—e,=0.6924. Inspection of the boundary-layer energy equation for constant properties
shows that, at the same coolant-flow parameter, the heat-transfer coefficient becomes zero for all Prandtl numbers. Both boundary-layer profiles move simultaneously away from the wall
to infinity. Physically this situation is probably caused by a breakdown of the boundary-layer simplifications. H. W. Emmons and D, Leigh, ‘“Tabulation of the Blasius Function with
Blowing and Suection,” Interim Tech, Rep. No. 9, Combustion Aero. Lab., Div. Appl. Sci., Harvard Univ., Nov. 1953, (Army Ord. Dept. Contract No. DA-19-020-OR D-1029.)
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